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Abstract

:

This paper presents the results of an experimental study performed on seven violins obtained from a top plate made of resonance spruce and a back plate made of curly maple. Each pair of plates had a different modification to its thickness profile. Some were thickened and others were thinned compared to the classical thickness profile. Then, a soloist played a musical sequence on each violin and the acoustic signals were recorded. The sound quality of the signals was evaluated with a psycho-acoustic evaluation based on a blind questionnaire completed by listeners. It turned out that: (1) respondents with more musical experience (especially those with over 26 years of experience) were more demanding in assessing sound clarity and offered the widest range of scores in assessing this quality; (2) the musical experience of the respondents influenced to the highest degree the appreciation of the warm sound quality; (3) the scores for the violins with thinned plates were weaker, especially according to the psycho-acoustic analysis; and (4) the highest score was obtained by the violin with the thickest plates, which can be correlated with the two dominant frequencies extracted from the FFT analysis, whose values coincide with the frequencies of the B1− and B1+ modes.
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1. Introduction


In the literature there are studies that address the link between the acoustic quality of a violin and artistic perception based either on surveys completed by performers or listeners, or by using machine learning tools [1,2,3,4,5]. The sounds produced by a violin are the result of the interaction between the bow and the strings. The strings begin to vibrate both transversely in the direction of the force applied by the bow and longitudinally along the string. The transverse vibrations are transmitted through the bridge to the top plate of the violin and further to the entire air volume inside the violin body, which behaves like a Helmholtz-type resonator and produces an intense sound [6,7]. The fundamental frequencies of the generated sounds are determined by the geometric characteristics of the source from which the wave propagates, and the number of harmonics (violin timbre) is determined by the resonator that amplifies the initial sound, adding the series of its own frequencies [8,9,10]. Thus, it becomes obvious that the quality of the sounds generated by a violin greatly depends on very many factors. These are related to the quality of the wooden material used to manufacture the instrument and its accessories, the quality of the other materials used in the construction of a violin (e.g., strings), the type of varnish (lacquer) and the varnishing technology used, the skills of the violin maker, the skills of the musician, etc. Any modification—e.g., using a different wood species than maple for the back plate [11,12], or changing the position of the sound post, or increasing the number of varnish layers, or changing the drying time after applying each varnish layer, or changing the thickness of the plates—may affect the sound quality [13,14,15,16]. Optimization is possible only by a combined assessment, which must take into account both an objective evaluation, based on the determination of some measurable parameters, and a psycho-acoustic evaluation, based on the perception by specialists in the field of music (soloists and listeners). Even if the latter is a subjective type of assessment, when correlated to the objective evaluation it might validate some results which are impossible to be proven otherwise. The modal analysis is one of the most commonly used methods of acoustic assessment of modern or heritage violins [6,17,18,19,20]. By this method, dynamic parameters such as the fundamental frequencies of the vibrating components (top plate, back plate, air) can be determined, which can then be related to certain parameters of the sounds generated by the violin [9,10,21,22]. For instance, the first eigenfrequency, also called the fundamental frequency, is essential in tuning a musical instrument. In the case of the violin, the fundamental frequency is in the range of 270–280 Hz. The second eigenfrequency, corresponding to the 2# vibration mode, reflects the contribution of the top plate within the violin body. The eigenfrequency with the maximum amplitude indicates how intense the plate vibrates and how high its frequency values can reach [22,23].



Another objective method is to evaluate the acoustic spectrum based on the processing of violin signals. By applying the time and frequency domain analyses, the frequency spectrum and the power spectrum are determined. It is also possible to calculate a statistical analysis of the mode frequency, which is defined as the frequency of the vibration frequency in the 1/1 dB band or the 1/3 dB band [4,5,24,25].



The psycho-acoustic analysis is also a scientific method of evaluating sound quality, frequently applied in the evaluation of both old (heritage) and modern musical instruments. Such an assessment can be performed by experienced musicians, from the viewpoint of the soloist, and/or from that of the listener [1,2,3,4,5]. The main criteria on which such an assessment is usually based [4,6,8,25,26] refer to the sound amplitude, tone brightness, clarity, warmth, silkiness of the sounds, color, etc.



The main objective of the present research was to investigate what happens to the sound quality of the violin when the thickness profile of both violin plates is modified equally. All methods described above were applied in this evaluation. The aim was to build up a characterization matrix concerning the influence of the thickness profile of the plates on the sound quality of the violin, based both on objective and subjective evaluation items, and to formulate conclusions for violin makers. The novelty of this study consisted in: the acoustic and perceptual analysis of the sounds emitted by violins with modified internal volumes of air, achieved by changing the thickness of the plates; the correlating of the respondents’ assessments with the characteristics of age, experience, and gender; and, last but not least, the highlighting of the link between the values of the specific frequencies of signature modes and the scores assigned by the participants in the opinion surveys.




2. Materials and Methods


2.1. Materials


The acoustic tests were performed on seven unvarnished “Maestro” violins (Figure 1), one for each of the following thickness profiles:




	
reference thickness profile (corresponding to 4/4 violins, coded A00);



	
thickened thickness profile, obtained by increasing the reference thickness by 0.2 mm, 0.4 mm, and 0.6 mm over the whole profile (coded AP2, AP4, and AP6, respectively);



	
thinned thickness profile, obtained by decreasing the reference thickness by 0.2 mm, 0.4 mm, and 0.6 mm over the whole profile (coded AM2, AM4, and AM6, respectively).








Acoustic analysis and psycho-acoustic evaluation were performed on the unvarnished violins based on the recorded signals obtained from the musical sequences played on them (Figure 1).




2.2. Methods


A block diagram of the proposed research is presented in Figure 2.



Thus, in the first stage, the musical fragment was established considering the recording of both the sounds emitted by the free strings and the sounds produced by the violin during the interpretation of some musical passages. The duration of the acoustic passages (maximum 1 min) was also taken into account so that the acoustic samples used later in the psycho-acoustic evaluation did not exceed the attention threshold and maintained the same auditory sensitivity throughout the questionnaire. In the next stage, the recordings were made in the concert hall of the Philharmonic in Brasov, Romania. The raw recordings were prepared in order to eliminate the redundant acoustic parts, thereby obtaining the acoustic samples used later in the two analyses: the acoustic one with the signal processing program and the psycho-acoustic one based on the acoustic impression questionnaires that can be accessed on the following page: https://docs.google.com/forms/d/e/1FAIpQLSfVXB5dOIUC0ajVmUq5z5HHySPQUfxcuMO8M1XOSsH1PakIJA/viewform?usp=sf_link (accessed on 10 June 2022). After processing the signals and the results of the questionnaires, the data were statistically correlated. The technical data for the main stages are detailed below.



2.2.1. The Acoustic Recording


Given that the music itself represents an acoustic architectural edifice, of which the basic level is the individual notes characterized by frequency, timbre, pitch, and duration, for the acoustic and psycho-acoustic analyses a fragment of the basic musical sounds was chosen, produced by the free strings of the violin, as well as complex but relatively short musical sequences to fit the respondents’ maximum attention threshold [4,5,6,7,8]. Thus, the acoustic passage consisted of four fragments (free strings; Pizzicato-style stringing; a fragment from Concerto No. 1 in G minor op.26, the first cadence of the solo violin, composed by Max Bruch; and an excerpt from Opera Thaïs, Meditation for violin and orchestra, composed by Jules Massenet). It was played in a concert hall by the same professional violinist on all violins studied [25,26]. A sequence during the recordings of the musical samples on the studied violins can be seen in Figure 3. Professional recording equipment (24 bits, 48,000hz) and a special AKG microphone for sounds emitted by the strings were used.




2.2.2. The Signal Processing


After recording the audio signals, the mathematical function of frequency decomposition, known as the fast Fourier transform (FFT), was used. By applying FFT, the fundamental frequencies and, therefore, the heights that were present in the raw signal were determined [5,6,7,8,9]. Thus, the audio signals were analyzed based on time domain and frequency domain. Subsequently, based on the FFT analysis, the short-time Fourier transform (STFT) analysis was performed, which highlighted the representation in the frequency range or spectrum of a short time interval of the input signal [5,6,7,8,9]. In order to chromatically observe the variations of the heights and the ways in which the strings change, the spectrograms were constructed adding the time dimension to the analysis of the discrete Fourier transform (DFT). For this purpose, a program was developed in MATLAB based on which Fourier analyzes were performed, extracting frequency spectra, mode frequencies, spectrograms, and the occurrence frequency of vibration frequencies known in statistics as mode frequency. Figure 4 presents the recorded acoustic signals in time domain.




2.2.3. The Psycho-Acoustical Evaluation


The psycho-acoustical evaluation was based on the recording of three musical sequences [25], with a total duration of 1 min. The evaluation was performed by 31 advised listeners (experienced musicians) based on the playback of the recorded signals. The artistic impressions were quantified in a questionnaire that followed the evaluation on a scale from 1 to 5, where 1 represented the weakest acoustic impression and 5 the best acoustic impression of the following criteria: amplitude of the sounds; clarity of the sounds; brightness and strength of the tone; warmth and silkiness of the sounds; equality of the sounds on all four strings [27]. With the respondents’ agreed consent requested before completing the survey, they were also asked about their gender, age, and artistic experience.




2.2.4. The Statistical Data Processing Method


Statistical data processing and the correlation between the acoustic features of the unfinished instrument (i.e., vibration frequencies) and the respondents’ characteristics (of age, musical experience, and gender) were first verified using discriminant function analysis. For this method, STATISTICA 8.0 (StatSoft 2007) was used, following Zar’s instructions (1974) [28,29]. The individual ability to discriminate the variables was analyzed with the value of Wilks’ lambda and F to enter. To explain the scores resulting from the artistic evaluation of the instruments by the subjects, a mixed spline model was chosen.






3. Results


3.1. Results of the Acoustic Analysis


In the first stage of the signal analysis, the time and frequency analyses were obtained for each violin tested (Figure 5). In the time analysis graphs (those at the top of each figure), the signal for each recorded audio sequence (as shown in Figure 4) is distinctly observed. Although the acoustic fragment was performed by the same violinist, there were differences in the duration of the signals and their sound pressures from one violin to another. The graphs presenting the frequency analysis (at the bottom of each figure) show the frequency spectrums and their magnitudes expressed in arbitrary units (noted a.u.). Based on the FFT, the specific modes of each analyzed violin were extracted in the low frequency range (100–700 Hz), these being considered signature modes, providing the specificity of each violin and always being found in the spectral analysis of that violin, regardless of the musical sample performed [5,15,24].



The values regarding the signature modes and the dominant frequencies were extracted and centralized in Table 1. It is observed that for violins AM2 and AP4 the dominant frequency with the highest amplitude in the frequency spectrum is identical with the frequency of the B1- mode. For the AM6 violin, the dominant frequency also corresponds to the CBR mode, and for the AP2 violin this corresponds to the B1+ mode frequency. For violin AP6, two dominant frequencies were identified, corresponding to the bending mode B1- and air cavity mode A2, respectively, while for violins A00 and AM4 the values are different. For all violins, the frequency of the B1− is in the immediate vicinity of the fundamental pitch (frequency = 440 Hz). From the statistical analysis of the signals processed with STFT, regarding the frequency of occurrence of certain frequencies, the values of the mode frequency were extracted with the highest frequency of occurrence (Table 1). The frequency mode for the free string and Pizzicato-style excitation corresponds to corpus mode C4, according to [13,14,15,16,17]. Figure 6 shows the spectrograms for the seven violins analyzed.



Figure 7 presents the comparison between the mode frequencies for the different acoustic sequences. In the case of free string and Pizzicato-style excitation, it is observed that the value of the mode frequency differs between the two styles of string excitation, regardless of the type of violin. On the other hand, there is a gradual increase in the values of the mode frequency from the violin with the thinnest plates (AM6C1) to the reference violin (A00C1). In the case of violins with thickened plates, the anisotropy of the anatomical structure of the material and the density of the resonant wood influences the frequency response of the violins (Figure 7a). The mode frequencies extracted from the musical part vary between 1800 and 2800 Hz, resulting from the musical construction of the performed sequences. The violins with the highest mode frequencies are AM4C1 and AP2C1.



According to [30], violins with high acoustic qualities are characterized by high amplitude peaks around the frequencies of 275 Hz, 450 Hz, 550 Hz, and 2500 Hz, and smaller ones around the frequency of 1000 Hz. Thus, the specific values of the A0 mode obtained in this study vary between 294.3 and 299.3 Hz. For the corpus mode (CBR), the frequency values vary between 392.8 and 399 Hz. The first bending mode B1-, which generally appears around the frequency of 450 Hz according to [14,15], presents the following values in the case of the analyzed violins: minimum 442.4 Hz and maximum 450.5 Hz. Mode B1+ according to [14,15], or corpus mode C3 according to [31], is formed around the frequencies of 530–550 Hz, and the second cavity mode A2 is around 590 Hz [32]. In the current acoustic analysis, it is found that the values of A2 are slightly higher, varying between 591 and 599 Hz. Following the statistical analysis regarding the frequency of occurrence of frequencies (mode frequency), it is found that the excitation of free strings with the bow presents the most frequent frequency in the acoustic spectrum around the value of 664–674.5 Hz, corresponding to corpus mode C4. The only violins that show the same mode frequency values for both the free string and Pizzicato style are the AP4 and AP6 violins (Table 2). In terms of the mode frequency recorded for the musical part, the reference violin A00 is the only one that records the value of 2500 Hz according to [30].




3.2. Results of the Psycho-Acoustic Analysis


The results obtained after processing the answers given by the 31 listeners (experienced musicians) who were volunteer responders to a questionnaire with five criteria, are presented in Table 2.



A detailed description of this survey was given by [27]. With an average total score between 16 and 19 (out of a maximum of 25), it is confirmed again that the differences between the seven violins are only slight. The best results according to the opinion of the listeners belong again to the violins with thickened profiles, while the thinned violins obtained lower scores.



The highest scores obtained from the survey are for AP2C1 and AP6C1 (Table 2). It is observed that there is a close correlation between these scores and the values of the dominant frequency that coincides with the most prominent mode in the low-frequency range, the A2 mode (Table 1). In Figure 8, a comparison ranking the violins is presented. It is worth mentioning that the chronological order in which the violins were heard in the survey was: A00C1; AM2C1; AM4C1; AM6C1; AP4C1; AP2C1; AP6C1. The rankings for all the analyzed criteria gave the following order: AM2C1; AM6C1; A00C1; AM4C1; AP4C1; AP2C1; AP6C1. In analyzing the scores obtained by the violins at the end of the questionnaire, it was found that they are higher than those in the first part of the questionnaire.





4. Discussion


For luthiers, it is important to correlate the artistic impressions of the violinists with the geometrical and material parameters of the produced violins. In this study, we investigated the statistical links between the results of the acoustic analysis of the signals and the artistic impressions quantified in the scores given by the respondents to the musical samples played on the studied violins. It was found that there are a number of factors that influence the assessment of the acoustic quality of violins (age, experience, gender, and the position of the musical sample in the questionnaire).



The variables that significantly influenced (p ≤ 0.05) the respondents’ scores given to the clarity of the sound are only their gender and experience (Table 3). Respondents with more musical experience (especially those with over 26 years of experience) were more demanding in assessing the clarity of sound and offered the widest range of scores in assessing this quality. Moreover, female respondents showed a wider and more diverse capacity than men in assessing the clarity of sound, i.e., to distinguish between the steps of the scale of this variable (Table 3).



The musical experience of the respondents influenced to the highest degree the appreciation of the warm sound quality (Table 4). The gender of the respondent also had some importance. Thus, respondents with at least 21 years of music experience gave lower scores to the warm sound feature than respondents with less experience. Men also scored higher on this quality than women.



In the case of the criterion of bright sound, the variables that significantly influenced the scores given are only the type and experience of the respondents (Table 5). The matrix of multiple comparisons between the warm and bright tone appreciation steps, performed using the Kruskal–Wallis nonparametric test, highlights that the most significant differences are between groups two (6–10 years) and six (over 26 years) in experience. Respondents with less experience tend to give higher scores to this tone quality. Moreover, female respondents generally score lower than men in this tone characteristic (the median survey for warm and bright tone is three for women and four for men).



The variables that influence the scores given to the amplitude of the sounds are, in descending order of importance: the experience of the respondents, their gender, and the frequency of vibration in the case of free string excitation (Table 6). Respondents with the longest experience (over 26 years) gave scores with a lower step (median 3 versus 4 for the others) than the other categories of experience. Higher scores given to sound amplitude are explained by lower vibration frequencies in case of free string excitation.



In the case of evaluating the equal sonority on all four strings, the variables that significantly influenced the scores were the type and experience of the respondents (Table 7). The frequency of vibration in the free string mode also had a certain contribution. The tendency to associate low scores for equal sonority on strings with lower free string vibration frequencies was noticed.



The overall contribution of the explanatory variables to the total ranking variations was only 15%. The only determinants of the total ranking are, in descending order of significance: the experience of the respondents, their gender, and the frequency of vibration in the free string mode. Women, as well as respondents with more musical experience, scored lower than the other categories of respondents. The only significant frequency of those extracted from the acoustic analysis that contributed to the total ranking was the low vibration frequency, perceived best in the case of free string excitation. The connection between experience, mode frequency, and total ranking is shown graphically in Figure 9 and Figure 10.



The violins that recorded for the A0 mode a frequency of 295 Hz and 298 Hz were perceived as having a clear sound, with amplitude and equality on all strings (Figure 11a). For the CBR mode, the frequency of 396 Hz was perceived by the respondents, in descending order, as a clear sound and with equality on all strings, amplitude, brightness, and warmth (Figure 11b). Violins whose frequencies for the B1- mode were around 446–447 Hz were also appreciated for their clear sound and with equality on all strings, amplitude, and brightness (Figure 11c). For the second cavity mode A2, the highest scores for acoustic sound quality were assigned to the frequency of 596 Hz (Figure 11d). The dominant frequency evident in the highest scores for most of the criteria assigned by the artists was around 450 Hz (Figure 11e). The most frequent harmonic perceived by respondents with high acoustic qualities was around 670 Hz, followed by 665 Hz (Figure 11f). For the Pizzicato style, the clarity of the sound and the brightness were given by the frequency of 665 Hz emitted by the violins, a value that is also found in the case of exciting the free strings with the bow (Figure 11g). For the musical sequence analyzed, the violins that emitted sounds around the frequency of 1800 Hz were appreciated as having the warmest sound, as well as being bright, ample, and equal on all strings. The frequency of 2800 Hz comes close to the acoustic quality in the respondents’ preferences, but only for the clarity and brilliance of the sounds (Figure 11h).



The authors in [32,33,34] mention a series of objective acoustic parameters (spectral centroid, attack time, spectral flow, spectral irregularity, energetic characteristics of the acoustic signal, and harmonic characteristics) on the basis of which the acoustic quality and timbre of violins can be assessed according to psycho-acoustic perceptions. In this stage of the study, the authors investigated the correlation between the main resonant frequencies extracted from the FFT analysis and the psycho-acoustic perceptions of the respondents.




5. Conclusions


This paper presents the evaluation of the connection between the acoustic characteristics obtained by spectral analysis and the classification of violins analyzed on psycho-acoustic criteria.



The total scores revealed that the best result from all points of view was obtained by the violin with both plates thickened by 0.2 mm compared to the reference profile (AP2), followed, with equal scores, by the violin with both plates thickened by 0.4 mm (AP4) and the violin with a classical profile (A00) The scores for the violins with thinned plates were weaker, especially according to the psycho-acoustic analysis. The highest score was obtained by the violin with the thickest plates, which can be correlated with the two dominant frequencies extracted from the FFT analysis, whose values coincide with the frequencies of the B1- and A2 modes. In terms of sound clarity, the highest scores were obtained by the AM4C1 and AP2C1 violins, which correlate with the mode frequency extracted from the music sequence analysis. These two violins had the highest value of the mode frequency, 2800 Hz.



From the perspective of acoustic signal processing, this study presents a set of acoustic models associated with violins with modified geometric parameters. From the point of view of psycho-acoustic evaluation, the study highlights the variability in acoustic impressions depending on age, gender, musical experience, and the position of the sequence analyzed during the survey.



In future studies, the aim will be to determine the chromatograms in order to obtain high-resolution chroma profiles for the tested violins, as well as to analyze the acoustic differences produced by the application of the varnish on the violins.
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Figure 1. The tested violins. 
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Figure 2. The block diagram of the research. 
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Figure 3. A sequence during the recordings of the professional violinist playing the first violin in the Brasov Philharmonic Orchestra. 
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Figure 4. The acoustic signals in time domain, played on the violins. 
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Figure 5. The acoustic signals played on the violins: (a) AM6C1; (b) AM4C1; (c) AM2C1; (d) A00C1; (e) AP2C1; (f) AP4C1; (g) AP6C1. (Legend: a.u. represents the notation for arbitrary units.). 
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Figure 6. The acoustic spectrograms of musical sequences for each studied violin: (a) AM6C1; (b) AM4C1; (c) AM2C1; (d) A00C1; (e) AP2C1; (f) AP4C1; (g) AP6C1. 
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Figure 7. The mode frequency in the case of: (a) free string and Pizzicato excitation; (b) musical part. 
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Figure 8. Variation of psycho-acoustic perception in the form of scores for the five investigated acoustic criteria. 
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Figure 9. Contour plot, spline smoothed, of total ranking against mode frequency—free string excitation and the musical experience. 
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Figure 10. Histogram of total ranking categorized by gender (normal fitted). 
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Figure 11. The correlation between the scores obtained for each criterion and signature modes: (a) mode A0; (b) mode CBR; (c) mode B1-; (d) mode A2; (e) dominant frequency; (f) mode frequency–free strings; (g) mode frequency–Pizzicato; (h) mode frequency–musical part. 
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Table 1. The main frequencies extracted from frequency domain analysis. The bold values correspond to higher amplitudes from all frequency spectrums.
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Tested Violins




	
Frequency (Hz)

	
AM6C1

	
AM4C1

	
AM2C1

	
A00C1

	
AP2C1

	
AP4C1

	
AP6C1






	
Mode A0

	
297.4

	
298

	
299.3

	
299.3

	
295.5

	
294.9

	
298.2




	
Mode CBR (C2)

	
395.5

	
393

	
399.0

	
398.1

	
392.8

	
394.7

	
396.7




	
Mode B1-

	
446.4

	
446.3

	
450.5

	
448.7

	
443.0

	
442.4

	
446.7




	
Mode A2

	
596.1

	
596.1

	
597.9

	
599.5

	
591.0

	
592.0

	
596




	
Dominant frequency

	
395.5

	
499.4

	
450.5

	
499.4

	
591.0

	
442.4

	
446.7/596




	
Mode frequency (free strings)

	
668.34

	
669.30

	
674.19

	
674.5

	
665.7

	
664.63

	
671.31




	
Mode frequency (Pizzicato)

	
665.13

	
665.86

	
670.81

	
673.2

	
664.9

	
664.40

	
671.45




	
Mode frequency (musical part)

	
1846.20

	
2812.30

	
2360.10

	
2580.3

	
2804.2

	
1875.80

	
1874.30
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Table 2. Rating of the tested violins from the viewpoint of the listeners (* 1—the highest score, 7—the lowest score).
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Tested Violins




	
Criterion

	
AM6C

	
AM4C

	
AM2C

	
A00C

	
AP2C

	
AP4C

	
AP6C






	
Sound clarity

	
3.452

	
3.903

	
3.484

	
3.677

	
3.903

	
3.774

	
3.968




	
Sound warmth

	
3.290

	
3.355

	
3.355

	
3.516

	
3.645

	
3.516

	
3.742




	
Brightness

	
3.419

	
3.710

	
3.258

	
3.290

	
3.774

	
3.677

	
3.774




	
Amplitude

	
3.452

	
3.581

	
3.387

	
3.355

	
3.677

	
3.645

	
3.806




	
Equal sonority on the strings

	
3.323

	
3.548

	
3.323

	
3.516

	
3.645

	
3.710

	
3.871




	
Total

	
16.936

	
18.097

	
16.807

	
17.354

	
18.644

	
18.322

	
19.161




	
The position in the respondents’ preferences *

	
6

	
4

	
7

	
5

	
2

	
3

	
1




	
Chronological position in survey

	
4

	
3

	
2

	
1

	
6

	
5

	
7
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Table 3. The results of the multifactor discriminant analysis regarding sound clarity.
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	Independent Variables
	Wilks’ Lambda
	Partial Lambda
	F-Remove
	p-Level
	Tolerance
	1-Tolerance





	Violin type
	0.787
	0.974
	1.380
	0.242
	0.350
	0.650



	Mode frequency—free string excitation
	0.771
	0.994
	0.336
	0.854
	0.469
	0.531



	Mode frequency—Pizzicato excitation
	0.784
	0.977
	1.212
	0.307
	0.547
	0.453



	Mode frequency—musical part
	0.778
	0.985
	0.792
	0.532
	0.338
	0.662



	Age
	0.774
	0.990
	0.536
	0.709
	0.409
	0.591



	Experience
	0.810
	0.946
	2.911
	0.023
	0.410
	0.590



	Gender
	0.814
	0.941
	3.209
	0.014
	0.978
	0.022
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Table 4. The results of the multifactor discriminant analysis regarding warm of sound.
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	Independent Variables
	Wilks’ Lambda
	Partial Lambda
	F-Remove
	p-Level
	Tolerance
	1-Tolerance





	Violin type
	0.812
	0.976
	1.287
	0.276
	0.347
	0.653



	Mode frequency—free string excitation
	0.814
	0.974
	1.398
	0.236
	0.460
	0.540



	Mode frequency—Pizzicato excitation
	0.821
	0.966
	1.817
	0.127
	0.535
	0.465



	Mode frequency—musical part
	0.799
	0.993
	0.379
	0.823
	0.340
	0.660



	Age
	0.818
	0.969
	1.651
	0.163
	0.384
	0.616



	Experience
	0.867
	0.915
	4.807
	0.001
	0.385
	0.615



	Gender
	0.823
	0.963
	1.995
	0.097
	0.987
	0.013
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Table 5. The results of the multifactor discriminant analysis regarding bright tone.
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	Independent Variables
	Wilks’ Lambda
	Partial Lambda
	F-Remove
	p-Level
	Tolerance
	1-Tolerance





	Violin type
	0.784
	0.969
	1.656
	0.162
	0.355
	0.645



	Mode frequency—free string excitation
	0.774
	0.981
	0.987
	0.415
	0.455
	0.545



	Mode frequency—Pizzicato excitation
	0.771
	0.986
	0.757
	0.554
	0.552
	0.448



	Mode frequency—musical part
	0.785
	0.969
	1.668
	0.159
	0.334
	0.666



	Age
	0.763
	0.996
	0.205
	0.936
	0.404
	0.596



	Experience
	0.805
	0.944
	3.043
	0.018
	0.404
	0.596



	Gender
	0.816
	0.932
	3.774
	0.006
	0.974
	0.026
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Table 6. The results of the multifactor discriminant analysis regarding sound amplitude.
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	Independent Variables
	Wilks’ Lambda
	Partial Lambda
	F-Remove
	p-Level
	Tolerance
	1-Tolerance





	Violin type
	0.757
	0.968
	1.676
	0.157
	0.349
	0.651



	Mode frequency—free string excitation
	0.772
	0.949
	2.744
	0.030
	0.448
	0.552



	Mode frequency—Pizzicato excitation
	0.755
	0.972
	1.498
	0.204
	0.546
	0.454



	Mode frequency—musical part
	0.758
	0.967
	1.773
	0.136
	0.333
	0.667



	Age
	0.737
	0.995
	0.268
	0.898
	0.402
	0.598



	Experience
	0.787
	0.931
	3.811
	0.005
	0.403
	0.597



	Gender
	0.784
	0.936
	3.544
	0.008
	0.977
	0.023
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Table 7. The results of the multifactor discriminant analysis regarding the equal sonority on all four strings.
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	Independent Variables
	Wilks’ Lambda
	Partial Lambda
	F-Remove
	p-Level
	Tolerance
	1-Tolerance





	Violin type
	0.721
	0.972
	1.484
	0.208
	0.350
	0.650



	Mode frequency—free string excitation
	0.730
	0.960
	2.151
	0.076
	0.455
	0.545



	Mode frequency—Pizzicato excitation
	0.707
	0.991
	0.473
	0.755
	0.545
	0.455



	Mode frequency—musical part
	0.724
	0.969
	1.673
	0.158
	0.333
	0.667



	Age
	0.715
	0.980
	1.028
	0.394
	0.411
	0.589



	Experience
	0.784
	0.894
	6.085
	0.000
	0.411
	0.589



	Gender
	0.745
	0.940
	3.267
	0.013
	0.977
	0.023
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
- -

5 INPUTS
The primary

preparation of the

acoustic samples

Sounds
recording

Development of
the FFT analysis
rogram

OUTPUTS

( Data extraction
from FFT

The signal E
processing - FFT i

\ ’
S e

Playing
violins

Distribution and
completion of the
questionnaire by the

respondents |

{

Developlng the

questionnaire for

psycho-acoustic
assessment of violins

analysis

Data collection

and scoring for

each analysed
criterion

~
\

/

CORRELATED
OUTPUTS

\

Statistical data
processing

]






media/file18.png
Raw acquired signal AM6C1 violin M1

-50

-100

-150

o
" g
ﬂ.ly oa 8
i i
! o
$ o
~
4
o
o
% 3 o
4 ©
y
.-L.
t
o
& 5 o
* e o
% ; 5o i @
: : 8
g § e =
i U <
@ ¥ n i .\
»i‘ rig ﬁ" Yt WA b .‘,,‘ BEvs
g 8 ,mw.a () , e &
ofa 3 Wyl B o
" e A8 oag B : o
Y % N %.a ™
€ :.. o 15 b, e ~fair
i .
f.aa.c.'.wi HE L N
PRSI T LI 4 4 A &
.. i 4 -
® Wyiwl ow it MR S
7‘.- Law M Amﬁ, - =
! a B
£ ...Jo‘.«. LR J..J.. -
J‘.- If Lr iy A .t-l o -
e & P oonr i o
J e & S
- 4 J&l 107 g N =
4 e
g, n.Ier ﬁ i i \ -
J - B ,oA A - -
* | 5‘ T g TH
v er _A» L'\ll
o o o o o o o
~ © 0 < 1] I3Y =

Frequency (Hz)

(a)

Raw acquired signal AM4C1 violin M1

R o o
o o o o S ~ <
o N 3k © L e v -
¥ ; : ®
i i
e o : A
: =0
“ ﬂ” wa
2 ' . 4 u. .\-.w
£ v e
H} J& o dil .‘ *._(z »
. g !
..ﬁ, > ,Mm L] M
= { off 1) i
b 238 47 m. 8
% s ' .
& . Al g ; < \
/ £ 4 s i £
.ﬂ.,eom .a..b@ ¢ u = RHERRT L
G i it L AR
o? = | 2 s .40 .’-.. o , &i : P
v s ol b g weEE o0 DRERRL 1 G
a CEANE 1
TR ORI AR
. p - | ¥ : -
b 3 . . s - ro ‘s .
i ettt et S HEAT g - i k
¥ . o L
e LI W ) § 4k 2 L
bk . { ol
1% 3 e & ¥ 1% RAPa= %
= - Jeb et o
- e Y wm Y- - LAL =%
‘.. ﬂ - Kad 7 i L T i o
e i - Y -yt -
J "a .t e .‘&-’ ¢ 0...’
.ll'. 'fll-' " § - - .ovo 3 A -
- . 4 e " LR
Py N T e T
- - -4 -
«v‘ lck .Il‘
= o ] o o o o o
o N~ © n + I e) I =
(s) swiL

7000

5000

4000
Frequency (Hz)

8000

6000

3000

2000

1000

(b)





media/file21.jpg
ode oquoncy ()
[ R ¥

]

Froasings xctaton Pzt ectaan

AVC1 VMG AMZC1 AQOC1 APZCH APACY APECH
@

RY—

®)





media/file13.png
O
()

o
=i
I

Acoustic pressure (Pa)
=

Raw acquired signal AM2C1 violin M1
I | I |

01 <
02 | | | | | | |
0 10 20 30 40 50 60 70 80 90
Time (s)
5
8
3 1500} -
2
51000 - E
@©
S
® 500 |
5
a 0 l =
« 200 400 600 800 1000 1200 1400 1600 1800 2000
Frequency (Hz)
(c)
Raw acquired signal A00C1 violin M1
o 0.2 | ! l |
&
g od- n
= |
(4]
w
2 0 ]
o
O
»-01F =
3
o
é'() 0.2 | | | | | | | |
0 10 20 30 40 50 60 70 80 90
Time (s)
E I
&
3 1500 - -
2
& 1000 - .
@©
S
= 500 =
8 |
2 b T | | :
@« 200 400 600 800 1000 1200 1400 1600 1800 2000
Frequency (Hz)
(d)
Raw acquired signal AP2C1 violin M1
© 0.4 i | | |
&
g B2r- T
=]
[72)
[}
2 0 &
o
O
»-02r =
3
o
<ct) 04 | | | | | | | |
0 10 20 30 40 50 60 70 80 90
Time (s)
i |
&
[}
52000 - -
c
o
£ 1000 [- .
©
I I W
8 | | | | | | | | | |
@ 200 400 600 800 1000 1200 1400 1600 1800 2000

Frequency (Hz)

(e)





media/file31.png
© Sound © Sound

300 N clarity 400 clarity
boo | W Aee ea  (em SiFar 300 | ®m Aee o P
o ‘« — - TAY ®)
508 em e ime A S sound ] 223 s - sound
S5 A o  TTimr ® Brightness % a6 '\f\'\' "’.f m Brightness
< % A mo Pt T~
E0 206 S 1 T = _ 3 395 e ' omA o _
- (, e N ~_" © Amplitude S 394 B :_.:_‘___-:.:\ ¢ Amplitude
299 G T e 393 . Avipe®™ w8
294 AEqual 392 LT 1Y Tl - AEqual
3.2 3.4 3.6 3.8 4  sonority on 3.2 3.4 3.6 3.8 4  sonority on
Score the strings Score the strings
(a) (b)
© Sound © Sound
451 clarity 600 clarity
450 | @ Aee o 509 m e & o
449 e 5 " . Warrz 508 m Aee o ¢ Warm
N 448 — soun § 597 D e . sound
= 447 2 i _ = 506 eA® mO  Ae ' Hems AO o :
i ( _ om0 A_©0) m L i
< 446 *Ae me  pe ' w?RF 2 ° ° Brightness Vggs | | el ® Brightness
8 445 g 594
S 444 PYPICILY o - * Amplitude =53 * Amplitude
443 t ’:o e o, 592 & .PmA © '"'\\
442 ® |oTA S .- 591 pe w9
441 AEqual 590 R ' A Equal
3.2 3.4 3.6 3.8 4  sonority on 32 3.4 3.6 3.8 4  sonority on
Score the strings Score the strings
(©) (d)
= " oty = 080 " Gty
n
T 600 £
; Ao i ] ¢ ¢ \Narm "3 675 5 X ==t~ . ¢ \Warm
% 550 sound 2 mlASe o o S, sound
> _ N ! ems A O :
8500 = e Y o WBrightness 3 1670 R . , | ®Brightness
:é ,.’ - ‘-~_\ §v oA mo ' l
© 450 m Ae (o] l. & ' o A .\" o \ 1
£ ¢ ONEATEE R Y < Amplitude £ 665 o ‘ema o °/ *Amplitude
8 400 *A wWe T § '\.\.\ .
350 A Equal. = 660 A Equal
3.2 3.4 3.6 3.8 4 sonority on 3.2 3.4 3.6 3.8 4 sonority on
Score the strings Score the strings

(e) (f)





media/file26.png
525

21-25

16-20

11-15

Total ranking:
B 24
22-24
20-22
18-20
16-18
14-16
12-14

<12

6-10

Experience in the musical field (years)

<6
640 660 680 700 720 740 760 780 800

Mode frequency — free strings excitation (Hz)

| (N





media/file27.jpg
Percent of observations

14%
13%
12%
1%
10%
9%
8%
7%
6%
5%
4%
3%
2%
1%

=

681012141618202224 2628 6810121416 1820 2224 26 28

Male

Total ranking

Female





media/file3.jpg
S weuts

o prmary
preparation o the.

Development o

The signal
processing - FFT

Distbutionand

complationof the and scorng for
auestionaireby the each analysed
respondents citrion

" CORRELATED ",
ouTRUTS

“ata cofocion

Playing
vioins.

Developing T
questionnairofor

peycho-acoustc
assossmentof vioins






media/file22.png
676

(@) (®)) (@)
(@) )] ~
BaS oo N

(@)
(0))
o

Mode frequency (Hz)

656

® Free strings excitation  ®Pizzicato excitation

AM6C1AM4C1AM2C1 AOOC1 AP2C1 AP4C1 AP6C1

(a)

® Musical part

AM6C1AM4C1AM2C1A00C1 AP2C1 AP4C1 AP6C1

(b)





media/file7.jpg
Acoustc pressure (Pa)

Froo s Pazicato
oxciaion  oxcation

Raw acquired signal AOOC1 violin M1 (unvarnished)
Musical part | Musical paft il

0 » E) w E) E)

Tane )

o





media/file28.png
Percent of observations

14%

13% |
12% [
1% [
10% |

9%
8%
7%
6%
5%
4%
3%
2%
1%
0%

68101214 16 18 20 22 24

Male

[N

Total ranking

2628 68101214 16 18 20 22 24 26 28

Female






media/file32.png
675 © Sound 3000 e Sound

= clarity ’g clarity
= m e A ° 2 2800 ° A® poB m 0
ﬁ i Aedl i em>» A o ¢Warm _g ¢ \Warm
o, 70 sound é 2600 " o & - sound
>\ ~~
N : .
% T ® Brightness § i 2400 . Aes o m Brightness
& * Ae ] o [0}
® 665 ..eA..ma ~ “" o 3 2200
o @ Amplitude 2 @ Amplitude
b= o 2000
s -8 & omAeRY A
660 AEqual = qgop %A me AEqual
o2 3.4 3.6 3.8 4 sonority on 9.2 3.4 3.6 3.8 4 sonority on
Score the strings Score the strings

(8) (h)





media/file19.png
1-100

-120

-140

-160

i Ly Qw
EY Pl A v
th Y Wk ¢ 0. +
She My b & | :
b Y y 19,1 " 9‘4,_‘“ i
m Y %2 — _...l, | ¢ i
= RERL § 2
M ‘J Kt A..
M ... ‘tﬁhqw&\ 4_ (o L Pa"
m. »> ‘... ..o ‘s Qﬁ... -
v e 4 ¥ i ? (96 -
.m _OQ.-. ...H.. ¢ g o Sl
5 1 h ; LBLY R il
S P ,.5-.3. ...U,Q e » s
© | A .
3 LY o:..l_i . 4 Jﬁr- el
B IR A b ol iyr
io._ Lo f? - 4
Py ALY A k) nen
.! .o‘..' e ‘aJT.'- Rg
¥ o« * " B 44 TRy
IS LR R -
, . x
- 154 -
e, .ufr *c & el
vy by i % f : B
L SERLMRARRERS M
8 R 8 8 € 8 & =¢
(s) swnL

3000 4000 5000 6000 7000 8000
Frequency (Hz)

2000

1000

(c)

Raw acquired signal A00C1 violin M1

o o
o S s}
=) 9 aH 5
o
3 _ |3
©
4 T “v(, o
p | [=]
t 5 <
,,A _
Pl S =
T A | ©
:.\.
: o
b j i m
2 e 4 &y
.u.‘. » ' # _..\o
3 : 1 2 g ) _0
& 0‘-._4 & | & vl w , W
ES R B~
@ Vgl r®acEta.n m
9% ‘.. % ‘ ‘._. By ~ |
Y, .ﬂ.:_.. - | ©
> o Lo W Pt | S
@ e i Ay i (3]
Y T H.L.,).- ~~—8
-in 1 ..‘..'. [E . et E rl.vﬂl. e W
> ‘B « ¥ .. bug J.a | 43
- ! ! 4 B O
L TR $ A S5 S
| “ 4 | &
: v HEEE Bk sl T ey g
an « 1Mt <% ..Jp...l B ,
ey , 0 B * - gasl ¥ ‘ it
™ 4 -y ¥ - . o
o PRl e b ik R
.Jlt»f L = g LTy B S g
b e
* FK_I L e |
-'.l ,‘l e B
= o e o o =
~ © 0 < ® I3 -
(s) swiyL

Frequency (Hz)

(d)

Raw acquired signal signal AP2C1 violin M1

20
-40
60
-80
-100

-120

-140

K ¢ EiY
. ;
A._ «
4 b
vooat el k
(S P & T
% ‘w#.w.}.& { c a
o A eo ¢ ’
50..0¢ A.‘U. # pig &
ym g
» .‘cn‘. P?LOKJ; .—..,... 3
‘..’ .f. 41 J.J\'.”. e
) s T.
o Vo (R ANLEN P e
LR {5 5 |
# -
10..3’ Lae ¥ W
- e P hmki el AT
b U F [T B Rl e
«J’ 1 G)O 1 - T e
.1.!".-, '. #\. =
i o ..I.. - Pl 2
-y f 6.. it wl.\uarl -
o o o o o o o o
@ ~ © s} F @ & -
(s) swiL

[ R

8000

7000

6000

5000

4060
Frequency (Hz)

(e)





media/file14.png
Raw acquired signal - AP4C1 violin M1
I I I I

&
N

o
-—
|

o
—
|

| | | | | | | |

Acoustic pressure (Pa)
o

o
N
o

10 20 30 40 50 60 70 80 90
Time (s)

u
N W
o o
o o
o o

o

T T I T T

| | | | | | |

Spectral magnitude (a.u.)
o
o
o
I

| | |
200 400 600 800 1000 1200 1400 1600 1800 2000
Frequency (Hz)

(f)

=4
N

o
—
|

o

=)
N
|

Acoustic pressure (Pa)

Raw acquired signal - AP6C1 violin M1
[ I I f

O
N
(=

Time (s)

N i,

€)] o a

o o o

o o o
I

o

Spectral magnitude (a.u.)

200 400 600 800 1000 1200 1400 1600 1800 2000
Frequency (Hz)

(8)





media/file11.jpg
LLLA_A‘AL_M.LAA_ A..AAAA._A.A

o0 a0 o
% racaney 1

)

Raw acauired signal - APGCH violn M1

Acoustc pressure (Pa)

5
" | A | |
S S N S St
e 0

T

4

H™

§on

Pl L ALJL W

i Ah s

L o e -

* ety 141

(8





media/file6.png





media/file15.jpg
Time (s).

B g gy

Time (s)
3y

8

Raw acquired signal AMEC violin M1

Froquency ()

@

Raw acquiredsignal AMACH violn 1

20 w400 s sw 000 a0





nav.xhtml


  applsci-12-08620


  
    		
      applsci-12-08620
    


  




  





media/file2.png
Without
changing the

thickness

Top Blate —

e S e

+0.4 +0.6

S e

+0.2

0.0

-0.2

-0.4

-0.6

Back plate






media/file20.png
Raw acquired signal - AP4C1 violin M1

-100

-150

T N
R i
i ¥ v
"3
’ ‘6 ¥
4 ,““ %
: ‘_x.
,.a? %
y ¢ & g i
<4 (] ! 3.2.
& : y!
£
& Piapii e ._I ,
& i u 4 ' .3 ‘ 35
.u.,.,.4 ..,,.‘ux ” PR LY P
& < . 4 ¢ d,,.. ; ~
tiyg e
ERRL -! y.l.o!b ...f..r -
by b i
." .._ : R T t.a..ﬁi.'. - 3
s t = |
s IS I i Yy e e -
Q e 4 B ‘rO L -.»t
: §
‘; ; EIE R A H i - A
\y gt Ma.....,.__., ¥
;1
ﬁ‘ 1 .-.J P =
- - - ‘= i
.’. fr‘ r.‘. - ; 2 M\ 4 o
'l a ne, .J 1 oy, e -
! - % )
- 4 £ J..l
4™ F + - ¢ B Fiahage e
ey 4+ Te 3 - . i
J t'r - 404 e -
y W
o o o o B o o o
@ ~ © n < ™ 1Y -

3000 4000 5000 6000 7000 8000
Frequency (Hz)

2000

1000

()

1-80
1-100

-120

-140
-160

3 ) ot
ﬁ; N?.“, .,g . w‘n a 1 : -
- d {
k= , i
© 4
W ,ﬁ .“.,w_ ; s W
o S RN R | Q.:“. i
08 M) v W
A. LR ) | [
T Wglhang & @ e
o a .:
G .o.. ..3 ..u 0!?? 5 >
M ol 1t ; 1 58
EP R Y R e
AR Rl 3 L i
o L
c ®'hn 08 ‘—J«r_v k.
2 e hy 4y 17 YA ¥
P R el @ 3
Ql.,f..*...p....o I:.ﬁm AR
(1 Jflz - m...a-..i { # .
u.'. .» e ™ “. v -
SR LI e
L fr Jf.. 1{,1 e
J - f . l- 4 A!‘I
k] 4 - ,3‘-' 3
..JJ 'f #- <4 T T,
e 4L 4
(@) o o o o o o o
(¢e) M~ (L] w < (30 N -~
(s) awiyL

2000 3000 4000 5000 6000 7000 8000
Frequency (Hz)

1000

(8)





media/file23.jpg
= Sound dlarity
= Bright tone
= Equal sound on all 4 strings

= Warm sound
= Sound amplitude

Equal sound

Bright tone

‘Sound clarity





media/file10.jpg





media/file5.jpg





media/file24.png
5.0
45
'84.0
<35
©
w 3.0
o)
o 25
=
€20
S 1.5
o)
=1.0
0.5
0.0

m Sound clarity
® Bright tone
m Equal sound on all 4 strings

= Warm sound
m Sound amplitude

Equal sound
Bright tone
Sound clarity





media/file29.jpg
< Sons

0 b
= v
E I w0
FE SBighwiess
fm | ~Aroinie
= o foe
= scan
o ge w < e
@
£

< Anpns
. AEqual
7o
e
“som
| o oy
Zon o P
Tao e
H
foo P
Feso
H « Amgiiude.
fo
o Lo
2 s s s 4 s

3 iy

seabinetess

s
e

< Anpite

by





media/file1.jpg





media/file16.jpg
PO pep—,






media/file25.jpg
Experience in the musical field (years)

>25

21-25

16-20

11-15

6-10

<6
640 660 680 700 720 740 760 780 800
Mode frequency  free strings excitation (Hz)

Total ranking:
-
224
2022
18-20
3 1618
B 1418
| RN
<12






media/file12.png
Raw acquired signal AM6C1 violin M1
I I I

w 0.2
)
2 ad o
=}
2]
2]
2 o0 &
o
Q
® -0.1 =
|
Q
Q
< -0.2 :
0 10 80
Time (s)
:E I | I I
&
21500 - &
=
5, 1000 - | =
£
— 500 |
o
I " _
8 0 | | | | | | | | | |
« 200 400 600 800 1000 1200 1400 1600 1800 2000
Frequency (Hz)
(a)
—— Raw acquired signal AM4C1 violin M1
é . I [ I I
& B0 N
=
n
n
2 0 5
Q.
9
®-01F =
=
o
&J 02 | I | | I I | I
0 10 20 30 40 50 60 70 80 90
Time (s)
s ]
&
o
22000 B
=
(&)
@©
£ 1000 - 1
g
3
Q_ O | e
% 200 400 600 800 1000 1200 1400 1600 1800 200!

Frequency (Hz)

(b)





media/file9.jpg
Raw acquired signal AMGC1 viokin M1

EESr——

Raw acquired Iilml At violin M1

; WW

“rmoto”

2 w0 w0 e R
oy ()

(b)





media/file0.png





media/file30.jpg
TEAEEY






media/file8.png
Raw acquired signal A00C1 violin M1 (unvarnished)

O
N}

o
—

£

=
—

Acoustic pressure (Pa)

| | Musical pall't [l

Free strin'gs Pizzicato Muslical part |
excitation excitation

S
N
o

10 20 30 40 50 60 70
Time (s)






media/file17.jpg
Rawacquird signai - APACT vitin W1

100 N
Froquency (H2)

®
Raw acquied signal - APSC1 violin M1

w0 a0 sm w0 oo mo
Froquency ()

®





